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Introduction

Calculation of the propagation behavior of radio waves over mixed paths
(including various types of terrain and seawater) to estimate ASFs is both
theoretically complex and numerically tedious. This appendix presents a
simplified description of one commonly used empirical approach for ASF
calculation known as Millingtons Method.

Chapter II discussed the overall approach for calculating the time required for
a loran groundwave signal to propagate from a transmitter to the vessel or
aircraft over a distance, d. To a first approximation, the time to propagate
this distance is simply the distance divided by the speed of light through the
atmosphere (Primary Phase Factor). Although this simple calculation is nearly
correct, it is not sufficiently accurate to satisfy the absolute accuracy
requirements of the Loran-C system. Two additional corrections are usually
applied to this simple formula for calculation of TDs. The first, termed
secondary phase factor (SF), corrects for signal propagation delays over
seawater compared to propagation through the atmosphere. The second, termed
additional secondary factor (ASF), corrects for the additional signal
propagation delay over a mixed land/seawater path compared to an all-seawater
path. Traditionally, these corrections are calculated as increments to be added
algebraically (i.e., with regard to sign) to the time computed from the

simple model (PF). That is, the propagation time required to traverse a
distance, d, is first calculated based upon propagation through the atmosphere.
Next, increments to this time (SF) and (ASF) are calculated and added to the
propagation time.

Conductivity A Key Parameter

The conductivity, denoted by the symbol s, is a key determinant of the
magnitude of the SF and ASF corrections. Conductivity is measured in units of
mhos/meter or in millimhos/meter (1,000 millimhos is equal to 1 mho). (The unit
mho, 1s ohm spelt backwards and captures the reciprocal relationship between
resistivity and conductivity.) Table F

1 provides a sample of conductivity values for seawater and various types of
terrain.

Calculation of Propagation Delays From Conductivity Data

The incremental propagation time (compared to the travel time through the
atmosphere) for homogeneous paths is a function of distance and can be
determined using generalized curves found in National Bureau of Standards (NBS)
Circular 573. An extract from these curves is reproduced in Figure F

1.1 This figure shows the additional propagation time (phase of the secondary
factor) in usec as a function of the distance of the receiver from the
transmitter. This illustration includes estimates for an all-seawater path, and
also homogeneous paths across two different types of terrain with lower
conductivity.

To illustrate, the incremental propagation time (over that calculated employing
the velocity of light through the atmosphere) for a signal to propagate a
distance of 390 statute miles (SM) over an all-seawater path would be
approximately 1 usec, referring to the

seawater path curve in Figure F

1.2

Conductivity Data

Calculation of these time increments requires a data base of conductivity
estimates across all possible land and seawater paths. Figure F

2 shows these estimates (in millimhos/meter) for the continental United States.

Use of Conductivity Data in Millingtons Method
Figure F
3 shows the computational steps in the use of Millingtons Method. This



procedure will be illustrated with a numerical example.

The first step is to decompose the overall path from transmitter to receiver
into a series of homogeneous segmentseach with the same conductivity wvalue.
Figure F

4 shows an illustrative path frm a loran transmitter over seawater and two
islands, each with a different terrain type. In this case there are a total of
five segments in the path, three over seawater, and two over islands of
different terrain type.

The second step shown in Figure F

3 is to determine the average conductivity in each segment. The average
conductivity for the seawater segments is 5,000 millimhos/meter. Average
conductivities for the various terrain types can be found in tables similar to
Table F

1 or generalized diagrams similar to Figure F

2.

The third step shown in Figure F

3 is to compute the propagation time increments for each segment of the path in
each direction. Consider first the direction from the transmitter to the vessel
in Figure F

4. Table F

2 shows the equations necessary for computation of these time increments in
both directions for a five-segment path.

(i) The first segment is over seawater, a distance of 65 statute miles (SM).
Reference to Figure F

1 (or exact computations using the seawater equations in Chapter II) indicates
that the time increment for this segment is approximately 0.1 usec.

(ii) The second segment is over land of terrain type 2 from 65 miles (at the
left endpoint) to 100 miles (at the right endpoint). To calculate the time
increment, read from Figure F

2 (Type 2 terrain) the time increments associated with the left endpoint (1.6
usec) and the right endpoint (2 usec). The time increment, 0.4 usec in this
example, is the difference between these two values.

(iii) The third segment in Figure F

4 is an all-seawater path 100 statute miles in extent, with a left endpoint of
100 miles and a right endpoint of 200 miles. The propagation time increments
(Figure F

1) are 0.18 usec and 0.41 usec, respectively, an increment for this segment of
0.23 usec.

(iv) The fourth segment is over terrain Type 1, with a left endpoint of 200
miles and a right endpoint of 310 miles. The corresponding time increments are
approximately 3.2 usec and 4.3 usec, a difference of 1.1 usec.

(v) The final segment is over seawater, from 310 to 390 statute miles. The time
increment for this seawater segment is approximately 1.01 usec (at 390 statute
miles) less 0.74 usec (at 310 statute miles), a difference of 0.27 usec.

The fourth step in Figure F

3 is to compute the total time increments in each direction. The total time
increment from left to right is 0.1 + 0.4 + 0.23 + 1.1 + 0.27 = 2.1 usec. If
the direction of calculation were reversed, an identical series of computations
would lead to a total time increment of approximately 2.3 usec. The
computational procedure is to average these calculations to estimate the time
increment.

(The need to consider propagation along both directions of the pathway relates
to the principle of reciprocity. This principle states that in a linear uniform
propagation medium, the response of the medium to a source is unchanged when



the source and the receiver are interchanged. The direction of a path from a
source across a medium does not affect the response of the medium. As shown
above, Millington's method predicts a phase delay by computing a correction
from source to transmitter and a reciprocal correction. The values of these
corrections are averaged. Except in he unlikely case where the path and its
reciprocal are identical, the two time increments calculated in each direction
are not identical, because the conductivity segments are biased, depending upon
their proximity to the source. For more details, consult references given in
Appendix E.)

This average, 2.2 usec in this example, is the total increment to propagation
time compared to an atmospheric signal path. Recall that the additional
secondary factor is defined as the incremental time over and above an
all-seawater path.

The fifth step in Figure F

3 is to compute the SF for the entire path. Using either Figure F

1 or the equations given in Chapter II, the SF for the signal to propagate 390
statute miles over seawater would be 1.01 usec.

The final step shown in Figure F
3 is to subtract the time increment for an all-seawater path from the average
total increment to calculate an ASF. The ASF in this case would be 2.20

1.01 = 1.19 usec.

The ASF calculated above applies to the propagation path from one transmitter
to one location in the coverage area. The ASF appropriate to a loran TD LOP
involves two propagation paths, one from the master to the user's location, the
other from a secondary to the user's location. Therefore, to calculate the ASF
corresponding to a particular master station pair, it is necessary to make the
above calculations for both paths, and subtract the individual ASFs to
calculate an ASF for a TD at that point in the coverage area. Careful
examination of Figure F-1 (or the original curve from which this extract was
taken) indicates that the curves of propagation delays for various types of
terrain are generally above that for seawaterthat is, land slows loran waves
even more than water. The ASF calculated for a single path will generally be
either zero (if the path is an all seawater path) or positive (if the path
involves segments over both water and land). However, the ASF for a
master-secondary pair could be either positive or negative, depending upon the
propagation characteristics for the paths from the user's location to the
master and secondary. This is why the ASF correction tables contain both
positive and negative quantitiesto a first approximation entries will either be
positive or negative depending upon the relative portion of the paths from
secondary or master that are over land versus seawater.

Reference to Figure F-4 shows why ASFs sometimes appear to change in a
discontinuous manner. Imagine, for example, that the path between the
transmitter and the user were swung through an arc. As soon as the path were
clear of the islands, the ASFs would go abruptly to zero. Lack of smoothness of
the ASF curves (and the reason why these curves are not easily interpolated)
relates (among other things) to lack of smoothness of terrain features.

In practice, these predictions would be validated with survey data, and ASF
tables and loran overprinted charts adjusted based upon survey data.

Computer Implementation
In order to produce ASF tables, it is necessary to replicate the computational
procedure used here many times over a latitude



